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ABSTRACT 
The goal of this study was to investigate the effectiveness of a membrane-aerated biofilm reactor 1 
(MABR), a representative of counter-current substrate diffusion geometry, in mitigating nitrous 2 
oxide (N2O) emission. Two laboratory-scale reactors with the same dimensions but distinct biofilm 3 
geometries, i.e., a MABR and a conventional biofilm reactor (CBR) employing co-current substrate 4 
diffusion geometry, were operated to determine depth profiles of dissolved oxygen (DO), nitrous 5 
oxide (N2O), functional gene abundance and microbial community structure. Surficial nitrogen 6 
removal rate was slightly higher in the MABR (11.0 ± 0.80 g-N/(m2⋅day) than in the CBR (9.71 ± 7 
0.94 g-N/(m2⋅day), while total organic carbon removal efficiencies were comparable (96.9 ± 1.0% 8 
for MABR and 98.0 ± 0.8% for CBR). In stark contrast, the dissolved N2O concentration in the 9 
MABR was two orders of magnitude lower (0.011 ± 0.001 mg N2O-N/L) than that in the CBR (1.38 10 
± 0.25 mg N2O-N/L), resulting in distinct N2O emission factors (0.0058 ± 0.0005% in the MABR vs. 11 
0.72 ± 0.13% in the CBR). Analysis on local net N2O production and consumption rates unveiled 12 
that zones for N2O production and consumption were adjacent in the MABR biofilm. Real-time 13 
quantitative PCR indicated higher abundance of denitrifying genes, especially nitrous oxide 14 
reductase (nosZ) genes, in the MABR versus the CBR. Analyses of the microbial community 15 
composition via 16S rRNA gene amplicon sequencing revealed the abundant presence of the genera 16 
Thauera (31.2 ± 11%), Rhizobium (10.9 ± 6.6%), Stenotrophomonas (6.8 ± 2.7%), Sphingobacteria 17 
(3.2 ± 1.1%) and Brevundimonas (2.5 ± 1.0%) as potential N2O-reducing bacteria in the MABR. 18 
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1. Introduction 19 
Nitrous oxide (N2O) emission from biological wastewater treatment plants (WWTPs) is of 20 
considerable concern because of the extremely high global warming potential and contribution to 21 
ozone layer destruction by N2O (Kampschreur et al. 2009, Law et al. 2012). Implementation of 22 
nitrogen-removing technologies, which can attain higher effluent quality and cost effectiveness, is 23 
expected to increase the N2O emitted from biological WWTPs by approximately 13% between 24 
2005 and 2020 (IPCC 2007, Itokawa et al. 2001, Okabe et al. 2011). It has been reported that the 25 
N2O impact accounts for up to 78.4% of the total CO2 footprint in WWTPs (Daelman et al. 2013). 26 
Therefore, mitigation of N2O release from WWTPs is a key challenge. 27 
N2O is produced as a byproduct of nitrification and an intermediate of denitrification. 28 
Ammonia-oxidizing bacteria (AOB) or archaea produce N2O via multiple pathways associated with 29 
nitrification and denitrification (Stein and Klotz 2011). Heterotrophic denitrifying bacteria likewise 30 
produce N2O as a result of consecutive enzymatic reactions mediated by nitrate reductase, nitrite 31 
reductase and nitric oxide reductase (Morley and Baggs 2010, Philippot 2002, Robertson and 32 
Groffman 2015, Schreiber et al. 2012, Wrage et al. 2001, Wunderlin et al. 2012, Zumft 1997). The 33 
turnovers of these enzymes are determined by the limited supplies of oxygen for nitrification and of 34 
organic carbon for denitrification, affecting the amount of N2O emission (Kampschreur et al. 2009). 35 
Therefore, mitigation strategies to suppress N2O production have been implemented 36 
(Domingo-Félez et al. 2014, Rodriguez-Caballero et al. 2015). 37 
Exploiting bacteria possessing nitrous oxide reductase (NosZ), also known as N2O-reducing 38 
bacteria, as a N2O sink is one mitigation strategy to reduce N2O emissions from WWTPs 39 
(Desloover et al. 2012). The product of NosZ is N2. Currently, N2O-reducing bacteria are classified 40 
into two clades based on the amino acid sequences of NosZ (Jones et al. 2013, Sanford et al. 2012). 41 
Moreover, their physiological traits have been partially determined (Bueno et al. 2015, Desloover et 42 
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al. 2014, Yoon et al. 2016), extending their potential for application in mitigation of N2O emissions. 43 
Nevertheless, it has been reported that NosZ is the most oxygen-sensitive of denitrifying enzymes 44 
(Bonin et al. 1992, Schulthess and Gujer 1996). Thus, provision of anoxic conditions and sufficient 45 
amounts of the electron donor and acceptor is of paramount importance in exerting the potential of 46 
N2O-reducing bacteria. 47 
Membrane-aerated biofilm reactors (MABR) could be a promising technology capable of 48 
enhancing N2O mitigation. The reactor employs a fixed-film biological treatment technology where 49 
a substratum provides oxygen delivery and facilitates biofilm formation (Nerenberg 2016). Oxygen 50 
as an electron acceptor is supplied from the biofilm base without bubble formation, whereas 51 
electron donors are supplied from the biofilm exterior. Such counter-current substrate diffusion 52 
biofilm geometry, in theory, allows two contrasting environments where the electron donor 53 
concentration is highest and the oxygen concentration lowest at the biofilm-liquid boundary and 54 
vice versa at the biofilm-membrane boundary (Figure S1A). By utilizing this unique biofilm 55 
geometry, a MABR provides a niche in the middle of the biofilm where an electron acceptor 56 
co-exists with an electron donor without depletion of either. The niche created in the MABR 57 
allowed the occurrence of simultaneous nitrification/denitrification (SND) in a single reactor vessel 58 
(Cole et al. 2002, Downing and Nerenberg 2007, 2008b, LaPara et al. 2006, Semmens et al. 2003, 59 
Terada et al. 2003). The counter-current substrate diffusion geometry of MABR and its special 60 
biofilm niche, in conjunction with bubbleless aeration, could prevent N2O exhaustion and thus 61 
facilitate N2O mitigation. The mitigation effect has been previously demonstrated in a MABR 62 
introducing sequential aeration for partial nitrification (PN)-Anammox (Pellicer-Nacher et al. 2010). 63 
Nevertheless, in situ evidence of higher N2O consumption activity has not been obtained in a 64 
MABR biofilm. 65 
Here, we provide proof of the concept that a MABR for SND can mitigate N2O emissions. To 66 
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this end, reactor operation and in situ biofilm depth investigation were conducted to reveal: (i) 67 
whether a MABR with counter-diffusion biofilm geometry allows the lower amount of N2O emitted 68 
than a conventional biofilm reactor (CBR) with co-diffusion biofilm geometry; (ii) how the spatial 69 
distributions of the abundance and activity of N2O-reducing bacteria vary within the biofilms; and 70 
(iii) whether the microbial community structure in the counter-diffusion biofilm is distinct 71 
depending on the biofilm depth. To address these research questions, we combined microelectrodes 72 
with molecular microbiological methods, i.e. quantitative PCR and high-throughput sequencing 73 
technology of 16S rRNA gene amplicons, to compare the counter- and co-diffusion biofilms. 74 
 75 
2. Materials and methods 76 
2.1. Reactor setup 77 
Two laboratory-scale flow-cell reactors employing counter- and co-diffusion biofilm geometries, a 78 
membrane-aerated biofilm reactor (MABR) and a conventional biofilm reactor (CBR) respectively, 79 
were operated for 95 days. Each reactor consisted of liquid and gaseous compartments, between 80 
which a gas-permeable flat-type silicone membrane (Rubber Co., Tempe, AZ, USA) was inserted. 81 
The silicon membrane was 1,000 µm thick and its surface area in each reactor was 41.5 cm2. The 82 
liquid compartment of each reactor had an effective volume of 0.2 L (specific surface area of the 83 
silicone membrane of 20.8 m2/m3). The dimensions of both reactors were identical, except that the 84 
CBR had a non-permeable plate beneath the silicone membrane (Figure S2B). Air was supplied 85 
into the two reactors by an air pump (Hiblow, HP100, Saline, MI, USA) with a flow controller. As 86 
the entry for oxygen, a bundle of 96 hollow-fibers (MHF3504; Mitsubishi Rayon Co., Ltd., Tokyo, 87 
Japan) as a gas permeable membrane was suspended in the liquid phase in the CBR. Whereas the 88 
CBR received air via the fiber bundle at an applied pressure of 15 kPa and an air-flow rate of 20 89 
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mL/min, the MABR received air from the gas compartment (volume 20 mL) via the silicone 90 
membrane at 7 kPa and 20 mL/min (Figure S2A). Aeration conditions were set based on the 91 
preliminary oxygen mass transfer rate estimations (Ahmed et al. 2004). Based on preliminary 92 
oxygen transfer tests (data not shown), these conditions provided a comparable oxygen loading rate 93 
to the biofilms in the MABR and CBR. The top of both reactors possessed three ports in which 94 
microelectrodes were inserted to measure the dissolved N2O and O2 concentrations in the biofilms. 95 
Synthetic medium, mimicking food-processing wastewater, consisted of CH3COONa (0.65 g/L), 96 
(NH4)2SO4 (0.90 g/L) and 100 mL/L of mineral solution comprised of (in mg/L): MgSO4·7H2O 97 
(280), KH2PO4 (27), CaCl2·2H2O (120), NaCl (600), FeSO4·7H2O (3.3), MnSO4·H2O (3.3), 98 
CuCl2·2H2O (0.8), ZnSO4·7H2O (1.7), and NiSO4·6H2O (0.3). The medium was sterilized prior to 99 
use. The synthetic medium was continuously supplied at 13.8 mL/h by a peristaltic pump 100 
(ISMATEC, ISM 930, Wertheim, Germany), ensuring a hydraulic retention time of 14.5 h. 101 
Complete mixing was accomplished by a recirculation pump (Masterflex 7553-50, Tokyo, Japan), 102 
providing an effective flow rate of 42 mL/s. Effluent samples were collected every few days to 103 
evaluate the reactor performances. The fiber bundle in the CBR was cleaned weekly to prevent 104 
biofilm growth, so as to maintain constant oxygen supply to the biofilm on the silicone membrane.                                 105 
2.2. Reactor operation 106 
The two biofilm reactors, i.e. the MABR and CBR, were inoculated from a laboratory-scale 107 
sequencing batch reactor for partial nitrification (Terada et al. 2013). The inoculum was recirculated 108 
in the reactors for 3 days to facilitate bacterial adhesion and biofilm formation. Subsequently, the 109 
reactors were fed with synthetic wastewater containing dissolved organic carbon (DOC) and 110 
ammonium at concentrations of 190 mg-C/L and 190 mg-N/L, respectively. This condition allowed 111 
specific DOC and nitrogen loading rates of 15.1 g-C/(m2⋅day) and 15.1 g-N/(m2⋅day), respectively. 112 
The temperature was kept at 30°C. pH of the reactors were controlled at 7.0 by addition of NaHCO3. 113 
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Because denitrification produces alkalinity, which offsets acidity produced via nitrification (Tenno 114 
et al. 2016), additional pH control was not necessary. Instead, pH monitoring at every sampling 115 
time was carried out in order to verify neutral pH condition in the reactors (7.0 ± 0.2). 116 
2.3. Chemical analysis of influent and effluent wastewater 117 
A sample was filtered through a 0.45-µm pore size membrane (DISMIC-13HP045AN; Advantec, 118 
Tokyo, Japan). DOC and total dissolved nitrogen (TDN) concentrations were measured by a TOC 119 
analyzer (TOC 5000A, Shimadzu, Kyoto, Japan). Nitrate (NO3−), nitrite (NO2−) and ammonium 120 
(NH4+) concentrations were measured using a flow injection analyzer (PE-230, Human Manufacture 121 
Engineering, Japan). t-test was employed in SPSS 13.0 (IBM Co., New York, USA) to compare 122 
DOC and dissolved nitrogen concentrations in the effluents of the two reactors. Dissolved N2O 123 
concentration was measured using a Clark-type microelectrode (Unisense, Aarhus, Denmark). The 124 
N2O emission factor was estimated as the ratio of dissolved N2O concentration in the bulk liquid to 125 
the influent TDN concentration. This factor assumes negligible N2O exhaustion to the gas phase due 126 
to bubbleless aeration, which was confirmed from the gaseous N2O concentration in the ports for 127 
microelectrode insertion, in the gas compartment of the MABR, and in lumens of the hollow-fibers in 128 
the CBR. 129 
2.4. Measurement of dissolved O2 and N2O concentrations in biofilms 130 
Dissolved N2O and dissolved oxygen (DO) concentrations throughout the depth of the biofilms 131 
were measured using Clark-type microelectrodes (Unisense, Aarhus, Denmark), connected to a 132 
picoammeter (MM 3 Microsensor Multimeter, Unisense, Aarhus, Denmark) for data acquisition 133 
(Lackner et al. 2010). The diameters of DO and N2O microelectrodes were 50 µm and 25 µm, 134 
respectively. Calibration of each microelectrode was performed prior to the application to a biofilm 135 
according to a previous report (Schreiber et al. 2009). The micromanipulator and microelectrodes 136 
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were precisely controlled using Sensor Trace Pro software (Unisense, Aarhus, Denmark). Biofilm 137 
thicknesses were measured by oxygen concentration profiles. The biofilm depth profiles of N2O and 138 
O2 concentrations were acquired at 10–15 points from the middle port for microelectrode insertion 139 
on days 90 and 95 of reactor operation. The average net volumetric N2O consumption/production 140 
rates by biofilm volume were estimated and averaged from each concentration profile using Fick’s 141 
second law of diffusion, assuming steady-state conditions (Lorenzen et al. 1999). 142 
2.5. Biomass sectioning  143 
On day 95, each biofilm (approximately 1500 µm thickness) was cut by a scalpel to 0.6 × 0.6 cm 144 
and transferred onto a Petri dish with the orientation maintained, as previously described (Terada et 145 
al. 2010). Each biofilm was embedded in optimum cutting temperature compound (Tissue-Tek OCT 146 
compound, Miles, Elkhart, Ind., IN, USA) overnight to infiltrate the OCT compound into the 147 
biofilm, and subsequently frozen at -20°C. The frozen biofilms were horizontally cut into 100 148 
µm-thick sections with a cryomicrotome (Cryocut 1800; Leica, Mannheim, Germany) at -20°C and 149 
transferred in 1.5-mL microtubes for ensuing DNA extraction.  150 
2.6. DNA extraction, real time PCR, and next generation sequencing by Illumina MiSeq™  151 
DNA extraction was processed using a Fast DNA Spin Kit (FastDNA Spin Kit for Soil, 152 
MP-Biomedicals, Santa Ana, CA, USA) per the manufacturer’s protocol, followed by measurement 153 
of DNA concentrations using a spectrophotometer (NanoDrop 2000c, Thermo Scientific, 154 
Wilmington, DE, USA). Abundances of functional genes encoding ammonia monooxygenase 155 
(bacterial amoA), copper and cytochrome cd1-type nitrite reductases (nirK and nirS respectively), 156 
and N2O reductase (clade I and clade II type nosZ) were quantified by real-time quantitative PCR 157 
(qPCR) (CFX96 Touch Real-Time PCR Detection System, BioRad Laboratories, Hercules, CA, 158 
USA). The details of the qPCR procedures are given in Supplementary Information. The PCR 159 
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conditions were the same as used in previous work (Song et al. 2015).  160 
High-throughput sequencing based on 16S rRNA gene amplicons was performed on an 161 
Illumina MiSeq platform. The V4 region of 16S rRNA genes was amplified using the primer set 162 
515f–806r and the obtained amplicon was subjected to analysis according to the detailed protocol 163 
described elsewhere (Aoyagi et al. 2015, Itoh et al. 2014, Schloss et al. 2009) (Supplementary 164 
Information). Operational taxonomic units (OTUs) were defined using a threshold of 97% identity. 165 
Alpha and beta diversities were calculated by the software QIIME (Caporaso et al. 2010). Principal 166 
coordinate analysis was performed based on weighted UniFrac analysis. The sequence data 167 
acquired in this study have been deposited in the MG-RAST database 168 
(http://metagenomics.anl.gov/) named “Counter-diffusion and co-diffusion biofilm for simultaneous 169 
nitrification and denitrification reduces N2O emission” under project ID PSUB006788. 170 
 171 
3. Results  172 
3.1. Carbon and nitrogen removal performances of the MABR and CBR 173 
Time courses of DOC and nitrogen concentrations are shown in Figure S3. According to the trends, 174 
the MABR and CBR achieved steady-state performances by day 43 (Figure S3). The average 175 
effluent concentrations of DOC, TDN, NH4+, NO2−, and NO3− after day 43 are summarized in 176 
Figure 1. The average effluent TDN concentration was lower in the MABR (53.7 ± 9.2 mg-N/L) 177 
than in the CBR (70.0 ± 10.7 mg-N/L, p = 5.4 × 10-6). Nitrogen removal efficiency was higher in 178 
the MABR (72.0 ± 4.8%) than in the CBR (63.5 ± 5.6%, p = 1.6 × 10-4), resulting in specific 179 
nitrogen removal rates of 11.0 ± 0.80 and 9.71 ± 0.94 g-N/(m2⋅day) for the MABR and CBR, 180 
respectively. Average effluent DOC concentrations in the two reactors were different, i.e., 5.8 ± 1.8 181 
mg/L in the MABR and 3.7 ± 1.5 mg/L in the CBR (p = 7.0 × 10-3). DOC removal performances of 182 
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the MABR and CBR were both high, at 96.9 ± 1.0% and 98.0 ± 0.8%, equivalent to specific DOC 183 
removal rates of 14.8 ± 0.39 and 15.0 ± 0.38 g-C/(m2⋅day) for the MABR and the CBR, 184 
respectively.   185 
3.2. Depth-profile of DO concentration in biofilms  186 
The depth profiles of DO concentrations in the MABR and CBR on day 95 are shown in Figures 187 
2A and 2B. On day 95, the TDN concentrations in the MABR and CBR were 39.5 and 72.6 188 
mg-N/L, respectively, showing the superior nitrogen removal by the MABR. The biofilm 189 
thicknesses were 1400 ± 200 µm in the MABR and 1500 ± 200 µm in the CBR. The DO 190 
penetration depth in the MABR (ca. 300 µm) was shallower than that in the CBR (ca. 800 µm), 191 
indicating a steep gradient occurred in the MABR biofilm. In the MABR, the DO concentration was 192 
highest (2.25 ± 0.5 mg/L) at the biofilm-membrane interface (0 µm) where air was supplied (Figure 193 
2A). In contrast, in the CBR, the DO concentration was higher at the outermost biofilm surface 194 
(1.17 ± 0.22 mg/L) and decreased to 0 mg/L at 600 µm from the biofilm-membrane interface 195 
(Figure 2B).  196 
3.3. Depth-profile of N2O concentration in biofilms 197 
The gaseous N2O concentrations in the gas compartment of the MABR and the lumens of the 198 
hollow-fiber bundle in the CBR were not distinguishable from the ambient atmospheric N2O 199 
concentrations, indicating negligible levels of N2O diffusion into the gas compartment (data not 200 
shown). N2O concentration profiles and net volumetric N2O consumption/production rates in the 201 
MABR and CBR are shown in Figures 2C and 2D. The dissolved N2O concentration at the 202 
biofilm-liquid interface in the MABR (0.011 ± 0.001 mg N2O-N/L) was 130-times lower than that 203 
in the CBR (1.38 ± 0.25 mg N2O-N/L). In the CBR, the highest and lowest N2O concentrations 204 
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were respectively detected in the innermost (1.77 ± 0.37 mg N2O-N/L) and outermost parts (1.39 ± 205 
0.25 mg N2O-N/L) of the biofilm. 206 
The depth profile of the net N2O consumption/production rate in the MABR indicated that N2O 207 
production mainly occurred from 0 to 200 µm from the biofilm bottom (the biofilm-membrane 208 
interface), at rates of 0.0021–0.0043 mg-N/cm3/h varying with biofilm depth. On the contrary, the 209 
highest net N2O consumption rate was observed 250–450 µm from the biofilm bottom, at a rate of 210 
0.0051 mg-N/cm3/h (Figure 2C). In the CBR biofilm, the highest N2O production was observed in 211 
the outermost regions (1300–1500 µm from the biofilm bottom) with the highest rate of 0.034 212 
mg-N/cm3/h. In contrast, N2O consumption was broadly distributed from 0 to 900 µm, with a rate of 213 
0.002–0.02 mg-N/cm3/h. The highest N2O consumption rate in the CBR was 0.026 mg-N/cm3/h at 214 
500 µm from the biofilm bottom, 5.1 times as high as that in the MABR (0.0051 mg-N/cm3/h). In 215 
summary, the MABR biofilm exhibited a lower net N2O production/consumption rate within a 216 
narrower region than the CBR. 217 
3.4. Depth profile of functional gene abundances in biofilms 218 
The depth profiles of the abundances of functional genes for ammonia oxidation (bacterial amoA) 219 
and denitrification (nirK, nirS, and clade I/clade II type nosZ) in the MABR and CBR are shown in 220 
Figure 3. The copy numbers of archaeal amoA genes were below the detection limit at all locations 221 
(<102 copies/ng-DNA) (data not shown). The abundance of bacterial amoA genes in the MABR was 222 
generally comparable to that in the CBR: the copy numbers of bacterial amoA genes ranged from 223 
2.7–7.3×106 copies/ng-DNA in the MABR and from 3.2×106–1.1×107 copies/ng-DNA in the CBR. 224 
In the MABR, the amoA gene abundance was higher in the biofilm interior than in the biofilm 225 
exterior by a maximum factor of 2.7 (Figure 3A). The opposite trend was obtained in the CBR, 226 
where bacterial amoA gene abundance was higher in the exterior than in the interior of the biofilm, 227 
by a maximum factor of 3.4 (Figure 3B). 228 
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In both the biofilms, nirK gene copy numbers were the highest among the examined 229 
functional genes, in the order of 108 copies/ng-DNA. The nirK depth profile in the MABR was 230 
irregular, whereas the copy number in the CBR was higher deeper in the biofilm than in the outer 231 
(surface) layers (Figure 3C, D). The abundance of nirS genes was comparable between the MABR 232 
and CBR. The trends of nirS gene distribution were similar to those of amoA genes, i.e., higher nirS 233 
gene copy numbers were found close to the biofilm bottom in the MABR and at the outermost 234 
surface of the biofilm in the CBR (Figure 3A, B).  235 
The depth profiles of clade I and clade II nosZ genes were more pronouncedly stratified in the 236 
MABR biofilm than in the CBR biofilm. The abundances of clade I nosZ genes at 200–600 µm in 237 
the MABR biofilm were higher (3.3–4.4×106 copies/ng-DNA) than those in other parts of the 238 
biofilm (1.6–3.3×106 copies/ng-DNA) (Figure 3A). In the CBR, the abundances of clade I nosZ 239 
genes were relatively constant throughout the biofilm depth, ranging from 1.7×106 to 3.1×106 240 
copies/ng-DNA (Figure 3B). The abundances of clade II nosZ genes increased by a factor of two 241 
from the bottom (0.96×105 copies/ng-DNA) to 200 µm (1.9×105 copies/ng-DNA) in the MABR 242 
biofilm and remained constant with distance above 200 µm (Figure 3C). The opposite trend was 243 
apparent for clade II nosZ gene abundance in the CBR biofilm, i.e. decreasing abundance with 244 
distance from the biofilm bottom (Figure 3D).  245 
3.5. Microbial community structure in the biofilms by Illumina MiSeq sequencing 246 
Alpha-diversities of the MABR and CBR biofilms were comparable and no substantial changes in 247 
these diversities were observed within either biofilm (Table S1, Figures S4 and S5. For details, see 248 
Supplementary Information). Figure 4 shows the bacterial community composition at the OTU 249 
level throughout the biofilm depth. The highly abundant OTUs were identical in the MABR and 250 
CBR. However, the relative abundance differed by biofilm depths in the MABR and CBR. The 251 
most abundant OTU in both the biofilms was identical to Thauera mechernichensis (denovo 33439) 252 
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of the family Rhodocyclaceae, accounting for 31.2 ± 11% and 30.3 ± 4.3% of the total read 253 
numbers in the MABR and CBR, respectively. This OTU was especially high in abundance from 0–254 
800 µm in the MABR biofilm, while far less dynamic stratification was observed in the CBR. The 255 
second most abundant OTU was Rhizobium sp. (denovo 24831) with abundance in the MABR (10.9 256 
± 6.6%) slightly higher than that in the CBR (5.2 ± 1.2%). The third to fifth most abundant OTUs 257 
were Stenotrophomonas nitritireducens (denovo 3270) (6.8 ± 2.7% vs. 3.2 ± 1.5% in the MABR 258 
and CBR respectively), Sphingobacteria (denovo 25291) (3.2 ± 1.1% vs. 2.9 ± 0.4% in the MABR 259 
and CBR respectively), and Brevundimonas diminuta (denovo 11916) (2.5 ± 1.0% vs. 0.4 ± 0.5% in 260 
the MABR and CBR respectively). 261 
A singular AOB, Nitrosomonas (denovo 28142), was distributed across the biofilm depth in 262 
both systems with relative abundances in the MABR and CBR ranging from 1.5–3.1% and 2.2–263 
5.5%, respectively (Figure 4). The abundance of this OTU in both the biofilms decreased after the 264 
inoculation; the abundance in the inoculum was 13.7% (Figure S6). Far lower abundances of 265 
nitrite-oxidizing bacteria (NOB) than AOB were detected in both the MABR and CBR. In addition, 266 
no clear spatial distribution of the NOB abundances was observed in either biofilm (Figure S7). All 267 
the NOB detected were affiliated to Nitrobacter spp., and not Nitrospira spp.  268 
 269 
4. Discussion 270 
4.1. Far less N2O emission in the MABR than in the CBR 271 
This is the first comprehensive study demonstrating that a MABR emitted far less N2O than a CBR 272 
under operational conditions that give comparative nitrogen removal rates via 273 
nitrification/denitrification (Figures 1 and 2). After stable operation the reactors since 50 days 274 
(Figure S3), depth-profiles of O2, N2O and the microbial community structure were determined in 275 
both biofilms. The superior TDN removal efficiency obtained in the MABR (Figure 1 and S3) 276 
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underscores that a MABR is suitable to achieve SND (Cole et al. 2004, Downing and Nerenberg 277 
2007, LaPara et al. 2006, Nerenberg 2016, Syron and Casey 2008, Terada et al. 2003). The surficial 278 
TDN removal rate was 11.0 ± 0.80 g-N/(m2·day) with the removal efficiency of 72.0 ± 4.8% in the 279 
MABR, higher than those of previous reports (1.5 to 9.3 g-N/(m2·day)) with the removal 280 
efficiencies of 70-85% (Brindle et al. 1998, Downing and Nerenberg 2008a, Hsieh et al. 2002, Liu 281 
et al. 2007, Semmens et al. 2003, Suzuki et al. 2000, Syron et al. 2015, Terada et al. 2003, Walter et 282 
al. 2005), likely due to oxygen permeability of the membrane and homogenous biofilm formation 283 
onto a planar surface (note that the membrane was a flat-sheet). Here, we show an additional benefit 284 
of the MABR, i.e., mitigation of N2O emission. A N2O concentration two orders of magnitude 285 
lower was observed in the bulk liquid in the MABR compared with the CBR (Figure 2). Assuming 286 
negligible N2O exhaustion to the gas phase (note that the aeration mode was bubbleless), N2O 287 
emission factors over the TDN load of the MABR and CBR were 0.0058 ± 0.0005% and 0.72 ± 288 
0.13%, respectively. While N2O emission factors have been inconsistently defined, the value in the 289 
MABR was much lower than those in previous SND processes, e.g., a hybrid sequencing batch 290 
reactor (21% of the nitrogen load) (Lo et al. 2010), a trickling filter system under hypoxia (0.4% of 291 
the influent NH4+ load), and stoichiometrically modest methanol-fed conditions (0.2% of the NO3− 292 
load) (Tallec et al. 2006a). The results of our study agree with previous observation of a 293 
PN-Anammox MABR, where <0.015% N2O conversion was noted (Pellicer-Nacher et al. 2010). 294 
Nevertheless, we provide the first head-to-head comparison of a CBR with a MABR operated with 295 
identical influent loading, with only the biofilm geometry different, which evidences that the 296 
MABR is advantageous over the CBR to reduce N2O emissions.  297 
The far lower N2O emission from the MABR is likely due to the optimal relative positions of the 298 
N2O production and consumption zones. As Figure 2C shows, the hot spots for N2O production and 299 
consumption were at depths of 0–200 and 250–450 µm, respectively. Given that the region for N2O 300 
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production roughly coincided with the oxygen penetration depth (Figure 2A and C), N2O was 301 
likely produced by AOB, and was immediately reduced to N2 adjacent to the aerobic zone. N2O 302 
production and consumption rates appeared irregular from 500 to 1400 µm in the MABR, plausibly 303 
due to the co-occurrence of N2O production and consumption mediated by denitrifying bacteria 304 
with high turnovers of the consecutive denitrification reactions (note that the values in Figures 2C 305 
and 2D are net, rather than absolute). The exterior in a counter-diffusion biofilm for SND confers 306 
favorable conditions for denitrification because the DOC is high but oxygen is absent (Matsumoto 307 
et al. 2007). This supports our hypothesis on the high denitrification turnover in the biofilm exterior. 308 
Taken together, the adjacent positioning of the zones for N2O production/consumption and the 309 
favorable conditions at the biofilm exterior (higher DOC and lower DO concentrations) accelerate 310 
N2O consumption in the MABR biofilm, resulting in the advantage of this reactor in N2O 311 
mitigation.  312 
The broader oxygen penetration depth and segregation of the hotspots for N2O production and 313 
consumption may result in higher N2O production in the CBR (Figure 2B and D). Reportedly, a 314 
low DO concentration for nitrification and insufficient organic carbon supply for denitrification 315 
stimulate N2O production (Desloover et al. 2012, Kampschreur et al. 2009, Law et al. 2012). Given 316 
that DO concentrations were <1 mg/L in a large part of the CBR biofilm (0.01–0.82 mg/L from 0–317 
1400 µm), these hypoxic conditions potentially facilitate N2O emission from the CBR (Peng et al. 318 
2014, Tallec et al. 2006a, Tallec et al. 2006b). In addition to the N2O production in the broad 319 
hypoxic zone, N2O consumption was observed at 0 to 500 µm (Figure 2D). The distance between 320 
the hotspots for N2O production and consumption is disadvantageous because the long distance 321 
required for DOC diffusion in the deeper biofilm acts as mass transfer resistance. In co-diffusion 322 
biofilms, the highest DOC and oxygen concentrations are found at the uppermost biofilm surface, 323 
limiting the DOC available for anoxic respiration including N2O reduction (Matsumoto et al. 2007). 324 
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Therefore, the lower DOC concentration in the deeper biofilm of the CBR likely limits N2O 325 
consumption, leading to N2O accumulation.  326 
Another reason for the large difference in the bulk liquid N2O concentrations could be the 327 
difference in DO concentrations at the innermost (2.25 mg/L in Figure 2C) and outermost biofilms 328 
(1.17 mg/L in Figure 2D) in the MABR and CBR. The DO difference was inevitable at the same 329 
oxygen loading in both reactors because the CBR forced oxygen to be penetrated through the 330 
boundary layer to the biofilm. Ideally, N2O production in the MABR and CBR should be compared 331 
with the same DO concentration at the bottom and top of the respective biofilms. Furthermore, the 332 
N2O production mechanisms and the effects of operational conditions, e.g. pH, temperature, 333 
aeration regimes, and DOC/TDN loading rates, on N2O emission need to be performed in future.  334 
4.2. N2O reducers in biofilms for SND 335 
Irrespective of the biofilm geometries, Thauera mechernichensis was predominant in both the 336 
biofilms (Figure 4). Despite the lack of genomic information on T. mechernichensis so far, it has 337 
been reported that T. mechernichensis is a canonical denitrifier capable of reducing NO3- to N2 via 338 
N2O (Scholten et al. 1999), as demonstrated by other Thauera species (Liu et al. 2013), and is 339 
present in an nitrogen-removing bioreactor for industrial wastewater treatment (Chang et al. 2011). 340 
Given the N2O consumption potential, T. mechernichensis likely reduced N2O to N2 at the region 341 
from 200 to 300 µm in the MABR biofilm, where N2O consumption intensively occurred (Figure 342 
2C). Furthermore, this species reportedly reduces NO3− and NO2− even at high DO concentrations 343 
(Scholten et al. 1999), also confirmed by other species phylogenetically close to Thauera species 344 
(Liu et al. 2013, Yokoyama et al. 2016). The high abundance of T. mechernichensis across a large 345 
section of the biofilms, especially from 100–800 µm in the MABR biofilm, suggests its high 346 
contribution to denitrification and N2O consumption. Rhizobium, detected in high abundance in the 347 
MABR, is also a canonical denitrifier, present in activated sludge, soil, and freshwater environments 348 
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(Jones et al. 2008, Rochette and Janzen 2005, Wang et al. 2014, Zhao et al. 2013), and most species 349 
of the genus Rhizobium carry nosZ (Rochette and Janzen 2005). Interestingly, the Rhizobium OTUs 350 
were more abundant in the MABR biofilm exterior than in the interior (Figure 4A) and, in contrast, 351 
these OTUs were less abundant in the CBR than in the MABR (Figure 4B). The physiology of the 352 
genus Rhizobium remains unclear; however, the higher abundance of this genus in the MABR than 353 
in the CBR may be responsible for the greater N2O consumption of the former, plausibly causing 354 
the stark contrast in N2O emission. Additionally, Stenotrophomonas nitritireducens (6.8 ± 2.7% on 355 
average in samples from the MABR) and Brevundimonas diminuta are known N2O reducers 356 
(Finkmann et al. 2000) previously detected in wastewater treatment bioreactors (Chèneby et al. 357 
1998, Schweitzer et al. 2001, Srinandan et al. 2011, Yu et al. 2008). Moreover, the Sphingobacteria 358 
OTU (family Chitinophagaceae) is another denitrifier present in both biofilms (Gabarro et al. 2013, 359 
Pan et al. 2013). While more thorough in situ analysis on profiles of electron donors and acceptors 360 
would be warranted, the better environmental conditions, i.e. the close positions for nitrification and 361 
denitrification discussed in 4.1 and the inherent geometry of counter-diffusion biofilm as shown in 362 
Figure S1, likely facilitated the growth of more abundant potential N2O-reducing bacteria in the 363 
MABR than in the CBR biofilm.  364 
4.3. Implications of functional gene profiles for N2O reduction 365 
Irrespective of the biofilms in the MABR and CBR, the aerobic regions, as shown in Figure 2, 366 
showed higher abundances of amoA genes than the anoxic zones. The trend was consistent with the 367 
depth profiles of amoA genes (Cole et al. 2004, LaPara et al. 2006) and the 16S rRNA genes of 368 
AOB (Terada et al. 2010) in counter-diffusion biofilms. The relatively higher abundances of clade I 369 
and clade II nosZ genes in the anoxic regions (300–600 µm and 300–1400 µm, respectively) than in 370 
the aerobic part in the MABR biofilm (Figure 3A and C) indicate that the microaerophilic (0-300 371 
µm) and anoxic regions (300 µm-) likely favored the growth of N2O-reducing bacteria. The absence 372 
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of DO and corresponding high gene abundances were likewise observed for clade II nosZ in the 373 
deeper part of the CBR biofilm (Figure 3D), but not for clade I nosZ (Figure 3B). The reason for 374 
the incongruence of redox-conditions and gene abundance for clade I nosZ could be the limited 375 
supply of organic carbon in the influent (C/N ratio = 1) and the inherent geometry of a co-diffusion 376 
biofilm, which consumes organic carbon coupled with oxygen respiration. Reportedly, a MABR 377 
allows denitrifying bacteria to effectively utilize organic carbon and nitrogen oxides in the middle 378 
part of the biofilm (Cole et al. 2004, LaPara et al. 2006). This results in more pronounced gene 379 
profiles of clade I nosZ genes. Because biokinetic information of N2O-reducing bacteria is still 380 
limited, reasons for selective growth of the N2O reducers in the anoxic parts of the CBR biofilm 381 
entail further investigations.  382 
Summarizing these depth profiles of functional genes, redox zonation created in the MABR 383 
biofilm permitted more dynamic distribution of AOB and N2O-reducing bacteria than was found in 384 
the CBR biofilm. The closer association of regions for N2O production and consumption in the 385 
MABR biofilm (Figure 2C) likely facilitated relay of N2O plausibly produced by AOB to 386 
N2O-reducing bacteria adjacent to the AOB. This adjacency of these potential N2O producers and 387 
consumers allowed the latter to consume N2O, resulting in lower N2O emissions from the MABR. 388 
To consolidate this concept, transcription levels of these functional genes, reflecting activities by 389 
biofilm depth, and visualization of AOB and N2O-reducing bacteria in a biofilm, warrant future 390 
study. 391 
 392 
5. Conclusions 393 
To the best of our knowledge, this is the first report directly comparing a MABR and CBR in terms 394 
of overall and spatially resolved N2O production/reduction and microbial community composition 395 
as a function of biofilm depth. The two biofilms, employing counter- and co-current substrate 396 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
19 
 
diffusion geometries respectively, were supplied with a high nitrogen-containing wastewater with 397 
low DOC/TDN ratio of 1.0 at the same loading rate, and performed simultaneous nitrification and 398 
denitrification. 399 
 TDN removal efficiency (72.0 ± 4.8%) was higher in the MABR than in the CBR (63.5 ± 400 
5.6%). 401 
 Dissolved N2O concentrations were two orders of magnitude lower in the MABR than in the 402 
CBR.  403 
 N2O emission factors of the MABR and CBR, normalized to TDN load, were 0.0058 ± 404 
0.0005% and 0.72 ± 0.13%, respectively. 405 
 The MABR biofilm had narrower regions for N2O production and consumption than the CBR 406 
biofilm.  407 
 Higher abundances of denitrifying genes, especially nosZ, were observed in the MABR than 408 
in the CBR. 409 
 Microbial community structure revealed the presence of OTUs affiliated within the genera 410 
Thauera, Rhizobium, Stenotrophomonas, Sphingobacteria and Brevundimonas as potential 411 
N2O-reducing bacteria with higher abundances in the MABR biofilm than in the CBR 412 
biofilm. 413 
Taking these findings into account, MABRs promise a small-footprint technology achieving both 414 
effective simultaneous nitrification/denitrification and mitigation of N2O emissions.  415 
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Figure 1. Average concentrations in effluent of dissolved organic carbon (DOC), total 
dissolved nitrogen (TDN), ammonium (NH4+), nitrite (NO2−), and nitrate (NO3−) in the steady 
state (day 43–95) in the MABR and CBR. Different letters for each constituent indicate a 
significant difference (p < 0.05) between the MABR and CBR. 
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Figure 2. Depth profiles of O2 and N2O concentrations and average net N2O 
production/consumption rates (bar charts) in the MABR biofilm (A: DO profile; C: N2O 
profile) and CBR biofilm (B: DO profile; C: N2O profile). Note that net N2O production 
(positive value) and consumption (negative value) rates (g-N/cm3/h) are based on biofilm 
volume. The measurement was carried out during operation days 90–95. The point at 0 µm 
represents the biofilm base.  
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Figure 3. Depth profiles of functional genes for AOB (amoA) and denitrification (nirS, nirK, 
clade I nosZ, and clade II nosZ) in the biofilms of the MABR (A and C) and CBR (B and D). 
The point at 0 µm represents the biofilm base. 
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Figure 4. Depth-profile of relative bacterial abundance at the OTU level in the biofilms of the 
MABR (A) and CBR (B). All OTUs detected at least in one biofilm depth at ≥3% relative 
abundance are shown. The point at 0 µm represents the biofilm base. 
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Highlights 
 Depth profiles of N2O and microbial community were compared between a MABR 
and CBR.  
 Dissolved N2O level was two orders of magnitude lower in the MABR than the CBR. 
 Zones for N2O production and consumption were close together in the MABR 
biofilm.  
 Key N2O-reducing bacteria, which may contribute to N2O mitigation, were 
identified. 
 
